Infrared spectroscopy of molecules with nanorod arrays: a numerical study CLÉMENT Nanorod arrays with diameters much smaller than the wavelength exhibit sharp resonances with strong electricfield enhancement and angular dependence. They are investigated for enhanced infrared spectroscopy of molecular bonds. The molecule 3-cyanopropyldimethylchlorosilane (CS) is taken as a reference, and its complex permittivity is determined experimentally in the 3-5 μm wavelength range. When grafted on silicon nitride nanorods, we show numerically that its weak absorption bands due to chemical bond vibrations can be enhanced by several orders of magnitude compared with unstructured thin film. We propose a figure of merit (FoM) to assess the performance of this spectroscopic scheme, and we study the impact of the nanorod cross section on the FoM. Molecular spectroscopy is based on the detection of specific rotational and vibrational states of molecular bonds. Most of them are in the infrared spectral domain and can be detected by direct and indirect optical methods. Raman spectroscopy is a widely used indirect technique [1] based on inelastic scattering of visible light. Vibrational states are associated with the spectral shift of scattered photons. The weakness of the Raman signals is counterbalanced by the availability of powerful laser light sources in the visible and can be partly overcome by surfaceenhanced Raman spectroscopy. On the other hand, the specific vibrational states of molecular bonds can be directly measured in the infrared (IR) domain by absorption spectroscopy. Actually, Raman spectroscopy and IR spectroscopy are complementary methods and can detect different vibrational states according to the symmetry properties of the molecules [2] . Applications of absorption spectroscopy to low quantities of molecules are hindered by the very weak absorption of molecule bonds in the infrared and by the low brightness of thermal light sources. It can be enhanced by surface-enhanced infrared absorption (SEIRA). Many SEIRA antennas are based on rod-shaped metallic structures [3, 4] . Plasmonic resonances in the infrared induce a strong intensity enhancement localized in the vicinity of the nanostructures. The vibrational signals of a small number of molecules adsorbed on the metal can be enhanced by several orders of magnitude if they coincide with the resonance wavelength [4] . Alternatively, other designs, such as bowtie antennas [5] , are used to improve the confinement of the near-field intensity, yet with a weaker enhancement. In references [6, 7] , the authors investigate the fan-shaped antenna that combines the advantages of the first two designs, but the enhancement is spectrally limited by the resonance bandwidth. These antennas can hardly be used for the detection of several vibrational modes extending over a large spectral range.
Here, we propose a different scheme for enhanced IR absorption spectroscopy of a thin layer of molecules. It is based on free-standing dielectric nanorod arrays with diameters much smaller than the wavelength [8] . For transverse electric (TE) polarized light, such arrays exhibit sharp resonances with strong electric-field enhancement around the nanorods. Moreover, the resonance wavelength can be tuned over a large spectral range with the incidence angle. We have chosen the 3-cyanopropyldimethylchlorosilane (CS) molecule as a reference for this numerical study. Its complex dielectric permittivity has been experimentally determined and exhibits weak infrared absorption bands in the 3-5 μm range. We investigate nanorod arrays with various cross sections, covered with a monolayer of CS molecules. We show that the weak absorption bands of CS can be enhanced by several orders of magnitude. We propose a figure of merit (FoM) to asset the performance of this spectroscopic scheme, and we compare our numerical results with SEIRA experiments.
The structure consists of a freestanding subwavelength nanorod array made of dielectric material with a period P 3 μm (see Fig. 1 [inset]). We first consider silicon nitride (SiN) nanorods with a section H × W 300 nm × 300 nm and a refractive index n 2 [9] . Each individual nanorod acts as a nonresonant scatterer with a weak scattering cross section due to its small width (<λ∕10) [10] . The collective excitation of regularly spaced nanorods by a plane wave results in a constructive interference. Numerical examples are shown in Fig. 1 . They are based on rigorous coupled-wave analysis calculations [11, 12] . Absolute reflection spectra, i.e., reflection intensity normalized to the incident plane wave intensity, are plotted for transverse electric (TE) polarized plane wave at 15°(blue) and 16°(red). In the far-field, reflection spectra exhibit a sharp resonance due to this multiple coherent scattering [13] . Optical resonance leads to perfect reflection at λ res , and the resonance wavelength increases with the angle of incidence. The map of the electric field intensity at λ res and θ 15°is also shown in Fig. 1 . The electric field is strongly enhanced in the vicinity of the rods.
We now consider the same structure with weak optical losses (n 2 0.05i). The numerical results are shown in Fig. 1 (dashed lines). The resonance wavelength and bandwidth are nearly unchanged, but the reflection maximum drops drastically. The spectroscopic detection method described in this Letter is based on the perturbation of the resonant reflection due to the presence of an absorbing monolayer of molecules grafted on the rods. Infrared absorption due to molecular bonds will be enhanced by the strong electric field and detected through the variations of the reflection maximum. The nanorod cross section is smaller, the resonance is narrower, and the electric field is higher. In Table 1 , we report the FWHM for various cross sections of nanorods at normal incidence.
The molecule to be detected must be carefully chosen: adsorption of thiols is possible on nanoantennas made of gold but not on silicon nitride. Here, the CS molecule has been selected as a model molecule because of (1) its affinity with silicon and (2) several molecular bond vibrations in the mid-infrared. Its permittivity was determined experimentally by Fourier transform infrared (FTIR) spectroscopy with a resolution of 4 cm −1 . A fluidic chamber with CaF 2 windows and of various well-controlled thicknesses (15 and 25 μm) was filled with the CS molecule in a pure liquid solution.
In the 3-5 μm spectral range, the dielectric permittivity of ε CS is modeled by a sum of ε ∞ and five Lorentz oscillators:
where Δε i , ω oi , and γ i are the strength, frequency, and linewidth of the i-th Lorentz oscillator, respectively, and ε ∞ is the high-frequency permittivity. These oscillators are introduced in order to model absorption bands due to the vibration of CH 2 and CH 3 bonds near 3.4 μm and C ≡ N bond at 4.45 μm. Transmission measurements were used to fit all the parameters: ε ∞ 2.09, Δε i 36; 50; 27; 55; 62, ω oi cm −1 2247; 2880; 2905; 2936; 2962, and γ i cm −1 8.9; 29.9; 21.8; 26.4; 26.5. The real and imaginary parts of ε CS are plotted in Fig. 2(a) .
A monolayer of self-assembled CS molecules adsorbed on nanorods is modeled by a uniform layer of thickness t CS 2.8 nm, covering each side of the rods [sketch in Fig. 2(b) ]. Figure 2(c) shows numerical results for a grating with period P 3 μm and section H × W 100 nm × 100 nm. Numerous reflection spectra are calculated for various incidence angles between 0°and 30°[only a few spectra are shown in Fig. 2(c) ]. As a result, the resonance wavelength scans a spectral range from 3 μm to 4.5 μm. As compared with Fig. 1 , resonances are much narrower due to the smaller cross-section area. The reflection maximum is strongly impacted by the absorption bands of the CS molecules and drops down to 60%. The envelop of the reflection maxima [R max , dashed line in Fig. 2(c) ] is also plotted. It nicely reflects the imaginary part of ε CS and provides the characteristic spectrum of the molecular vibrations of the thin layer of CS molecules.
The electric field enhancement increases with smaller nanorod cross sections [8] , leading to a stronger impact of the CS layer on the reflection spectra. In Fig. 3 , we present R max Fig. 1 . Calculated reflection spectra of nanorods with a period P 3 μm and a rod section H × W 300 nm × 300 nm for TEpolarized plane waves at 15°(blue) and 16°(red) with n 2 (solid lines) and n 2 0.05i (dashed lines). Inset: schematic of the nanorod array (top); calculated map of electric field intensity at the maximum of reflection (bottom, linear color scale). Letter envelopes for various rod sections compatible with the nanofabrication process [14, 15] . Narrow rods with a section of 50 nm × 50 nm allow us to reach a reflection intensity down to 10% for the C ≡ N bond resonance, whereas with a section of 200 nm × 200 nm intensity only drops down to 93% at the same wavelength. Plasmonic biosensors are based on the spectral shift of optical resonances due to the presence of molecules at the surface of a metal [16] . Their figure of merit (FoM) can be defined by the ratio between the relative intensity change (at a fixed wavelength) and the (real part) of the refractive index change induced by the molecules [17] . Here, we adapt this definition for infrared absorption spectroscopy of molecules enhanced by nanorods or nanoantennas. The FoM is defined as the ratio of the reflected intensity ΔR and the imaginary part of the refractive index of the molecule Δk:
where ΔR and Δk are the differences in reflection intensity and imaginary part of the refractive index of the molecule, respectively, for a component with and without molecules. For the C ≡ N bond (λ 4.45 μm), Δk CS 2.2 · 10 −2 . We evaluate ΔR for different nanorod cross sections and calculate the FoM in each case. The results are reported in Table 2 . This table also gives the absorption of an unstructured thin film of CS molecules. The thickness of the thin film is calculated so that the amount of CS is the same as for nanostructures. They range from FoM 0.2 for 500 nm × 500 nm cross sections to FoM 40.9 for 50 nm × 50 nm cross sections. While the perimeter decreases by a factor of 10, the FoM increases by a factor of approximately 200.
In Table 3 , we report the FoM calculated for the study described in [4] , involving the CH 2 bonds of octadecanthiol (ODT) molecule on gold nanoantennas: FoM 1.9. In order to compare the FoM of nanoantennas and nanorods systems, we achieved new calculations assuming a monolayer of ODT is grafted on nanorods (in fact, thiols molecules cannot be adsorbed on silicon nitride). The dielectric permittivity of ODT has been taken from [18] . A bond resonance occurs at λ 3.42 μm, with a corresponding refractive index of n ODT 1.41 8.4i · 10 −3 . The thickness of the self-assembled monolayer is t ODT 2.5 nm. Table 3 shows that the FoM obtained with nanoantennas and nanorods are comparable for 200 nm × 200 nm cross sections. However, a reduction of the nanorod section allows us to drastically increase the value of the FoM, which reaches FoM 74.2 for 50 nm × 50 nm section.
In summary, we have numerically investigated a new strategy for infrared spectroscopy of a tiny layer of molecules. It is based on optical resonances in freestanding nanorods. The farfield optical response of the system is strongly modified by the presence of molecules grafted on the rods. Optical absorption due to molecular bond vibrations is enhanced by the strong electric-field intensity in the vicinity of the nanorods. In addition, the angular dependency of the optical resonances allows us to scan a wide spectral range. The envelope of reflection spectra reflects the absorption spectrum of the bond vibrations of the molecule. Numerical calculations have been achieved on nanorods made of silicon nitride and (3-cyanopropyl) dimethylchlorosilane molecules. We have proposed an FoM in order to assess the performances of this spectroscopy scheme. In the case of C ≡ N bonds, the smallest section (50 nm × 50 nm) leads to a high contrast in the reflected intensity change (90%) and an FoM as high as 40.9. Nanorods were compared with previous SEIRA experiments achieved with gold nanoantennas and octadecanthiol molecules. One of the advantages in the use of transparent nanorods stands in the fact that no energy is lost in resonator, contrary to metallic nanostructures. Hence, the quality factor Q of the resonance and, thus, field enhancement can be very high: up to Q ≈ 10 6 for 50 nm × 50 nm geometry. Higher FoM are obtained for nanorod sections smaller than 200 nm × 200 nm. The spectral tunability of nanorods provides an additional advantage for infrared molecular spectroscopy on a wide spectral range. Fig. 3 . Envelope of the reflection maximum calculated for nanorods covered with a 2.8 nm layer of CS molecules, with different cross sections in TE-polarized plane wave. 
